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N-Well CMOS Process Integration
by
David T. Price




The predominant integrated circuit fabrication technologies used for VLSI devices are CMOS,
and BiCMOS. The goal of this work was to develop a CMOS process that could be converted
into a BiCMOS technology. For this reason an N-Well CMOS process was selected, and
fabricated in theMicroelectronic Engineering clean room. This paper reviews the test chip design,
process simulation, fabrication, and electrical characterization of this process. The device
fabrication was successful, and the electrical testing clearly indicated what measures need to be
taken to improve the process.
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The Complementary Metal Oxide Semiconductor (CMOS) technology has been the dominant
integrated circuit process since the early 1980's. The high switching speed and low static power
consumption makes it an attractive technology for most VLSI applications. At the Rochester
Institute of Technology Microelectronic Engineering Department, CMOS device fabrication has
been attempted twice before. The first attempt was as a senior research project. All the diffusions
were performed with spin on dopant sources (ion implantation was not available), and the gate
material was aluminum, as it was for the standard PMOS process developed by Robert Pearson
[5]. The process resulted in working PMOS and NMOS devices, but the threshold voltages were
not well controlled.
When ion implantation and polysilicon deposition was made available at RIT it was possible to
develop a more traditional CMOS process. The second attempt was performed by Mr. Edward
P. Sayre III, Prof. Robert Pearson and Dr. Lynn Fuller, as part of Sayre's masters thesis on The
Design. Fabrication, and Test of a CMOS Operational Amplifier [6]. The process selected was
a P-Well technology from Berkley. It was the first time that the GCA-4800 stepper, Varian ion
implanter, and the RIT nitride and polysilicon were all used in a single process integration. All
of this was made possible by the work of other students and faculty that developed these
individual process steps. Even though the final devices did not work due to fabrication errors, the
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work paved the way for more complex process integration, and added to the laboratories overall
capability.
In this third attempt at integrating CMOS technology into the Microelectronic Engineering
laboratory, an N-Well process was selected. This process is an adaptation of an Analog Devices
process provided to Dr. Richard Lane (the Analog Professor) and Prof. Robert Pearson. The exact
details of this original process are not provided in this document due to the confidential nature
of the recipe. The Analog process was developed from previously published work, therefore has
limited proprietary material.
The N-Well process was selected due to the easier conversion to a Bi-CMOS process. The
simulations were performed on TMA Suprem-3 donated by Technology Modeling Associates
[10]. The mask design was done on Apollo workstations running Mentor Graphics Chipgraph.
The layout consisted of structures fromWilliam Reinisch's design project for VLSI Design [11],
an operational amplifier designed by Sayre [6], and other process test structures by the author.
The fabrication was on three inch wafers using contact printing for all eight masking
lithographies. In the preceding CMOS fabrication the GCA wafer stepper was used, but this was
avoided to reduce processing complexity, and to focus on the fabrication. The entire process is
directly transferable to stepper lithography by simply changing the mask making specifications.
The fabrication included the use ofLPCVD nitride and polysilicon, ion implantation, and reactive
ion etching of the gate polysilicon.
Chapter 2
Process Description
This chapter describes the general processing sequence used in this work. The cross sectional
views and exact thermal process schedules that are described can be found in Appendix A.
2.1 Mask 1: N-Well
This process begins with a Boron doped, P-type, <100> orientation silicon wafer with a nominal
5 ohm-cm bulk resistivity. The wafers are first cleaned in a peroxide based RCA clean to remove
organics, native oxide, and heavy metals. The first oxidation is a thermally grown 3,500 A layer
called the Alignment oxide. The thermal schedule consists of a 55 minute, 1000C, wet oxidation
to grow the majority of the oxide, and then a 10 hour, 1150 C, nitrogen anneal. The long
nitrogen anneal is designed to denude the top surface of the silicon wafer. This denuding process
is not required if P on P+ Epi wafers are used.
The first photolithography is then performed using the N-Well Mask. The 3,500A Alignment
oxide is then etched in Buffered Oxide Etch (BOE), opening windows for the N-Well. The
N-Well implant is a 130 KeV, 6E12cm"2, Phosphorus implant, and is masked in the P-Field by
the photoresist and alignment oxide.
The photoresist is then stripped in a Sulfuric Acid and Peroxide solution, the wafers are RCA
cleaned, and the N-Well driven in. The N-Well drive nominally grows 3,000A of oxide over the
well, and drives the N-Well in 5 microns. During the furnace step there is 26 minute, 1000C,
wet oxidation to grow the oxide and prevent the N-Well implant from out diffusing. This oxide
will grow faster over the N-Well, than the P-Field, since the field is protected by a 3,500A oxide.
The difference in silicon consumed during the oxidation will create a physical sub-micron step
in the silicon surface. This step delineates the N-Well region and is used for alignment of
successive layers. Next the wet oxidation is followed by a 21 hour, 1150C, nitrogen anneal to
drive in the N-Well, and continue the denuding process. When the wafer is ramped down to
800C, and soaked for 6 hours, the oxygen remaining in the center of the wafer precipitates into
nucleation sites. This leaves the top surface of the wafer with a lower oxygen and defect
concentration, and this is referred to as the denuded zone.
All of the oxide is stripped in BOE, and then the 250 A Pad Oxide is grown. On top of this oxide
is deposited a 1,000A CVD Silicon Nitride layer. There are three purposes for the underlying Pad
Oxide. The first is a stress relief layer. During the subsequent LOCOS step the oxide acts as a
buffer layer between the single crystal silicon and the silicon nitride layer. If this was not present
the stress exerted on the silicon during the birds beak encroachment would cause dislocation
damage to the silicon. Generally the Pad oxide thickness is set at one quarter the nitride thickness
to prevent damage to the silicon and minimize the amount of encroachment[3]. Secondly, during
the plasma nitride etch the oxide is used as an etch stop and prevents damage to the active
region. Finally during the nitride strip after LOCOS the oxide again acts as an etch stop. The
thickness of the Nitride is partially controlled by the amount that will be consumed and converted
to oxy-nitride during the LOCOS, and by the amount of encroachment that is permitted.
2.2 Mask 2: Active
The Silicon Nitride deposition is followed by a photolithography usingMask #2, the Active layer.
This mask defines the region where the silicon nitride is to be plasma etched. The Silicon Nitride
is then etched in a 98% CF4/ 2% 02 plasma, while etching a minimal amount of the underlying
Pad oxide.
2.3 Mask 3: P-Field Vt
The photoresist is then stripped, and a new layer is spun on. Mask #3 called the P-Field Vt mask
is used to expose the resist. This mask is the reverse image of Mask #1, the N-Well layer. The
photoresist is removed over the P-Field and an 18KeV,
1.2el3cm"2
Boron implant in done. This
implant is called the Field Threshold adjust or Channel Stop implant. The implant is of low
enough energy that it does not penetrate the resist protecting all of the N-Well, nor does it
penetrate the 1000A silicon nitride protecting the NMOS active region in the P-Field. The
function that it performs is to increase the Boron concentration at the oxide/silicon interface in
the P-Field. During the LOCOS the Boron will preferentially segregate into the oxide. This would
deplete the silicon surface of dopant, and decrease the field threshold. The dopant depletion could
be so severe that the NMOS devices might no longer be electrically isolated. This additional
Boron that is implanted eliminates this problem and raises the P-Field threshold above the supply
voltage. Such an implant is not required in the N-Well since the Phosphorus segregation will
cause it to pile up at the surface and increase the magnitude of the N-Well field Vt.
At this juncture it is possible to implant a low dose (3.5Ellcm2), high energy (160KeV), Boron
implant for the purpose of Punch Through prevention. This implant is of high enough energy to
penetrate the silicon nitride and have a peak concentration at the final NMOS drain/source
junction depth. This increased boron concentration would decrease the lateral extension of the
NMOS drain depletion region at the junction depth, increasing the devices resistance to punch
through. This implant is required for devices with gate lengths of 2 microns or less, and was not
incorporated into this process.
The photoresist is then stripped, the wafers cleaned, and the LOCOS oxidation performed. The
furnace operation includes a 25 minute soak in dry oxidation at 1100C to first drive in the boron
implant. Then it is followed by 6 hour wet oxidation at 950C to form the 7,000A nominal oxide
film. During this oxidation the silicon nitride prevents the diffusion of oxygen to the silicon
surface and prevents oxide growth in the active region.
During the last oxidation the silicon nitride oxidized in a similar manner that the exposed
silicon
did. The rate of this oxidation is much lower than that of the silicon and the final oxy-nitride
thickness is about 150A. This layer is removed by a brief 10:1 hydrofluoric acid etch, with
consideration to the etching of the field oxide. Next
the silicon nitride is removed in hot
phosphoric acid, which has very good selectivity for etching the nitride over oxide. Finally the
pad oxide is wet etched while etching a minimal amount of the field oxide.
Next a 650A Sacrificial oxide is grown in the exposed active region. This oxide performs two
tasks. First, a boron implant will be made through it and the oxide reduces surface damage that
would reduce carrier mobility. It is also possible to use this layer as the gate oxide, but the oxide
will also be damaged by the implant. This would reduce the breakdown voltage and increase the
gate leakage. The second function is that it acts as the Kooi oxide. Kooi et al. [4] discovered that
during the LOCOS the NH3 evolving from the consumed silicon nitride can diffuse to the oxide/
silicon interface and react with the silicon to form a new nitride layer. After the original nitride
and pad oxide is removed, this new nitride will still remain on the silicon surface. It is not
reasonable to remove it through a wet chemistry etch since this would also etch the exposed
active region silicon. During a subsequent oxidation the growth rate is impeded at the locations
where the silicon nitride has formed. This causes the oxide to be thinner and decreases the
breakdown voltage. By growing this sacrificial oxide and then following the implant and oxide
strip with the gate oxide growth, this problem is eliminated.
This Sacrificial oxidation is a 25 minute wet oxidation at 900C, followed by a 40 minute dry
oxygen anneal. This is followed by a 30Kev,
2E12cm2
unmasked Boron implant. This serves as
the device threshold adjust for both the PMOS and NMOS devices. It is critical that this implant
results in a +1 volt NMOS and -1 volt PMOS threshold. For proper device operation it is most
critical that the thresholds have equal magnitudes.
Next the sacrificial oxide is stripped and a 500A Gate oxide is grown. This oxidation is an 82
minute dry oxidation bubbled through Trichloroethane (TCA) at a furnace temperature of 950C.
This is followed by a 30 minute nitrogen anneal at the same temperature. The addition of the
chlorine will assist in the gettering of defects and with the cleaning of the furnace. Since this
dielectric will be the gate dielectric it is important to maintain the highest level of cleanliness
possible. This oxidation is immediately followed by a 4,500A polysilicon deposition. It is also
important that this deposition be performed soon after the gate oxidation to keep gate oxide
contamination to a minimum.
The polysilicon is then doped by means of POCL3 diffusion, a spin on dopant source, or
phosphorous ion implantation. In this case most of the wafers were doped using Emulsitone
N-
250 spin on glass (SOG) phosphorus diffusion source, and one wafer was implanted with 1E16
cm"2, 50KeV Phosphorus. The N-250 is diffused into the polysilicon through a 950C, 10 minute
nitrogen step, followed by a 4 minute oxide etch to remove the SOG.
2.4 Mask #4: Polysilicon
This is followed by a photolithography using Mask #4, the Polysilicon layer mask. This mask
protects the regions that the polysilicon should remain. It is followed by an SF6 plasma etch [7]
with consideration to maximizing the polysilicon to oxide
etch rate.
2.5 Mask #5: N-Select
The photoresist is then stripped and Mask #5, the N-Select layer is applied. A 35KeV, lE15cm
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Phosphorus implant is then done to heavily dope the NMOS source and drains as well as the N+
ohmic contacts to the N-Well. This implant is masked by the photoresist, field oxide, and Gate
polysilicon. Since the implant is masked by the polysilicon the NMOS source and drain is self
aligned to the gate, minimizing parasitic capacitances and device area. Since the only region that
is covered with photoresist is the P-Select region, most of the polysilicon is exposed to the
phosphorus implant as well. This additional doping helps reduce the polysilicon resistivity even
further.
2.6 Mask #6: P-Select
Next the photoresist is stripped again and Mask #6, the P-Select layer is applied. This mask is
dark field, and there is a minimal amount of area exposed. A BF2 55 KeV, 1E15
cm'2
implant
is then done to define the P+ ohmic contacts to the P-Substrate, and the PMOS source and drains.
This implant, like the previous one, is masked by the photoresist, field oxide, and the gate
polysilicon. Once again this makes the PMOS drain/source self aligned to the gate. In this case
a minimum amount of the polysilicon is exposed to the BF2 implant which counter dopes the
phosphorus doped poly and raises the sheet
resistance. This increase in parasitic resistance is
generally limited to the
polysilicon directly crossing the active region to form the PMOS
transistor. The BF2 implant dose not exceed the previous phosphorus doping , so that it remains
n-type, and is also not high enough to significantly impact the metal semiconductor work
function.
2.7 Mask #7: Contact
Again the resist is stripped, the wafers cleaned, and a 500A oxide is grown with a 900C, 15
minute wet oxidation. This oxide will act as an interlayer dielectric, and will protect the
polysilicon and drain/source from direct contact with the doped spin on glass (SOG) to follow.
Due to expected differences in the wet oxide etch rate of the grown and deposited silicon dioxide
a photolithography is performed using Mask #7, the Contact layer. This mask opens windows
where the metal will contact the polysilicon, P+, and N+ regions. The wafer is etched in BOE
to transfer the image of the contacts into the thermally grown oxide.
Next the photoresist is stripped, and the Accuglass 211 SOG is deposited to a thickness of
3,000A. The oxide is then densified in wet oxygen at 900C for 30 minutes. The combination of
the previous oxidation and this anneal performs the activation anneal for the P+ and N+
implantations. These are also controlling the junction depths, which makes them very critical
steps.
The oxide densification is followed by a second application ofMask #7, the contact layer. This
mask image is then again transferred into the oxide by means of a BOE. Since this is an etch into
deposited SOG, the etch rate will be much higher than the etch rate of the thermal oxide. If there
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was a single application of the Mask #7 there would be severe undercutting of the SOG in the
BOE while the native oxide is etched.
2.8 Mask #8: Metal
The wafers are cleaned again and an 8,000A layer of Aluminum is evaporated onto the wafer.
Mask #8, the Metal layer is applied and the aluminum is etched in a phosphoric/ nitric/ acetic
acid solution. The resist is finally stripped in an oxygen plasma, and the wafers sintered in
forming gas (H2N2) at 450C for 15 minutes. This anneal causes the aluminum layer to consume
the native oxide film covering the contact region to form ohmic contacts with low contact
resistivity. The hydrogen supplied by the forming gas prevents the oxidation of the aluminum
surface which would increase the contact resistivity. At this temperature trace amounts of H20
molecules, trapped in the oxide, react with the aluminum to form A1203 and atomic hydrogen.
These hydrogen atoms diffuse to the SiOj/Si interface and neutralize the interface states. Since




TMA Suprem-III Process Simulation
This N-Well CMOS process has been simulated using ten different cross sections. Each of these
cross sections represents a unique aspect of the fabricated devices such as the PMOS gate,
NMOS gate, polysilicon over the N-Well field, etc. The first simulations that are discussed are
the N-Well and P-Field regions up to the deposition of the silicon nitride. Then the respective
results of these two general regions are used in the next ten specific cross section simulations.
3.1 N-Well up to Silicon Nitride Deposition
In this simulation the generic N-Well region is simulated through pad oxidation and nitride
deposition. The steps that are simulated include the alignment oxide growth, N-Well implant and
drive-in, pad oxidation, and nitride deposition. The results are then saved and used in all
simulations that are in the N-Well, including the PMOS gate and source/drain, N+ plug, and
polysilicon and metal over the N-Well field oxide. The important process results that are
simulated here are listed below in Table 3.1, and the simulated profile is in Figure 3.1.
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Table 3.1 N-Well region simulation results.
PROCESS SIMULATED VALUE
Alignment Oxide Thickness 3,790 A
N-Well Sheet Resistance 1,349 ohm/sq
N-Well Drive Oxide Thickness 2,337 A
Pad Oxide Thickness 189 A
N-Well Surface Concentration
2E16/cm3
N-Well Junction Depth 5.15 microns
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Figure 3.1 N-Well Region simulated profile after nitride deposition.
3.2 P-Field up to nitride deposition
In this simulation the generic P-Field region is simulated through pad oxidation and nitride
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deposition. The steps that are simulated include the alignment oxide growth, N-Well drive-in, pad
oxidation, and nitride deposition. The results are then saved and used in all simulations that are
in the P-Field, including the NMOS gate and source/drain, P+ plug, and polysilicon and metal
over the P-Field field oxide. The important process results that are simulated here are listed below
in Table 3.2, and the simulated profile is in Figure 3.2.
Table 3.2 P-Field region simulation results
PROCESS SIMULATED VALUE
Alignment Oxide Thickness 3,790 A
N-Well Drive Oxide Thickness 4,928 A
Pad Oxide Thickness 189 A
N-Well Surface Concentration
1.2E15/cm3










0.00 1.00 2.00 3.00 4.00
Distance (Microns)
5.00 6.00
Figure 3.2 P-Field simulated profile up to Nitride deposition.
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It is important to notice that the boron profile is depleted at the surface due to the boron
segregation into the oxide. In the bulk of the material the doping level is the original
2.8E15cm"3, but at the surface it is depleted to 1.2E15cm"3. Also at the end of the N-Well
drive oxidation the oxide is much thicker than the N-Well region since the alignment oxide
was left in this region, and was etched in the N-Well region prior to the N-Well drive.
3.3 NMOS Gate.
In this portion the NMOS gate cross section is simulated from the point of nitride deposition
through completion. The important steps that are simulated include field oxidation, sacrificial
oxidation, device V, implant, gate oxidation, polysilicon deposition and doping, passivation
oxide growth, deposition and anneal.
In Table 3.3 is a summary of the simulation results, and in Figure 3.3 is the final simulated
profile. One of the most important results are the polysilicon sheet resistance and the NMOS
threshold voltage. In this process the desired polysilicon sheet resistance is in the 20 ohm/sq
range, and the simulation predicts a value of 23.0 ohm/sq, which is sufficient. As for the
threshold voltage, the
2E12cm"2
dose resulted in a threshold of .85 volts, close the target value
of 1 volt. The key to a good threshold voltage for CMOS devices is that the NMOS and
PMOS values be equal in magnitude. Also for the best speed and noise margin compromise
the magnitude of the threshold should be 1/4 the supply voltage. Since the device threshold is
one of the most important values, a more detailed simulation of the NMOS and PMOS
15
threshold can be found in section 3.13.
Table 3.3 NMOS Gate Simulation Results
PROCESS STEP RESULTS
Oxy-Nitride Thickness after Field Oxidation 141 A
Sacrificial Oxide Thickness 713 A
Vt Adjust Implant Dose
1.95E12/cm3
Gate Oxide Thickness 483 A
Polysilicon Pre-dep Sheet Resistance 28.1 ohm/sq
Post Pre-dep NMOS Vt +.95 Volts
Thermal Passivation Oxide Thickness 1098 A
Final Polysilicon Sheet Resistance 24.0 ohm/sq
Final NMOS Threshold Voltage +.85 Volts







Threshold Voltage: 0.85319 volts
Polysilicon Rs: 23.98 ohm/sq
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Figure 3.3 NMOS Gate Simulated doping profile
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3.4 NMOS Source and Drain
This simulation starts at the polysilicon doping, saved during the NMOS gate simulation, and
continues through to completion. The major steps that are simulated include the NMOS
source/drain phosphorus implantation, passivation oxide growth, deposition, and anneal. The
important results are summarized in Table 3.4 and the simulated profile is in Figure 3.4.
The critical values for this region are the junction depth and sheet resistance. The junction depth
must be shallow enough that the lateral diffusion does not cause the source and drain to short.
With a simulated value of .5 microns this process should work for lithographic gate lengths down
to 2 microns. The sheet resistance must be low to minimize parasitic resistance. For this process
this parameter has not been minimized since low parasitic resistance primarily improves device
speed, which is not being emphasized in this initial process integration. The simulated value is
82.6 ohms/sq and this is an acceptable value for this process.
Table 3.4 NMOS Source and Drain Simulation Results
Process Step Simulated Results
Thermal Passivation Oxide Thickness 850 A
NMOS S/D Junction Depth .53 microns
NMOS S/D Sheet Resistance 82.6 ohm/sq
NMOS S/D Surface Cone.
9E19/cm3
17
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Figure 3.4 NMOS Source and Drain simulated doping profile.
3.5 Metal over P-Field
This simulation is for the region where the metal is on top of the field oxide and SOG over the
P-Field region. The steps that are simulated include the field, sacrificial, and gate, oxidations,
polysilicon deposition, doping and removal, spin on glass deposition, and metal deposition. A
summary of the simulation is in Table 3.5, and the doping profile is in Figure 3.5.
The critical results in this simulation are that there is sufficient field oxide remaining to keep the
metal electrically isolated, and that the threshold voltage is greater than the supply voltage. The
18
Table 3.5 Metal over P-Field simulation results
Process Step Simulated Result
Final Oxide Thickness 10,200 A









Threshold Voltage: 15.171 volts





0.00 0.50 1.00 1.50 2.00
Distance (Microns)
3.00 3.50
Figure 3.5 Metal over P-Field simulated dopant profile.
final oxide thickness is slightly greater than 1 micron, and is more
than adequate. The
threshold voltage is also sufficient with a final value of 15.2 volts.
3.6 PMOS Gate
In this portion the PMOS gate cross section is simulated from the point of nitride deposition
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through completion. The important steps that are simulated include field oxidation, sacrificial
oxidation, device Vt implant, gate oxidation, polysilicon deposition and doping, passivation oxide
growth, deposition and anneal.
In Table 3.6 is a summary of the simulation results, and in Figure 3.6 in the final simulated
profile. The most important results are the polysilicon sheet resistance, PMOS threshold voltage,
and N-Well junction depth. In this process the desired polysilicon sheet resistance is in the 20
ohm/sq range, and the simulation predicts a value of 28.1 ohm/sq after the polysilicon doping,
and 30.3 ohm/sq after the self aligned PMOS S/D implant. This polysilicon sheet resistance is
only over the PMOS gate, and generally carries low current levels, therefore it is also an
acceptable value. The
2E12cm"3
device threshold implant resulted in a PMOS Vtof -1. 1 volts. As
mentioned earlier, a more detailed MOSFET threshold simulation can be found in section 3.13.
Table 3.6 PMOS Gate Simulation Results
PROCESS STEP RESULTS
Oxy-Nitride Thickness after Field Oxidation 141 A
Sacrificial Oxide Thickness 713 A
Vt Adjust Implant Dose
1.95E12/cm2
Gate Oxide Thickness 483 A
Polysilicon Pre-dep Sheet Resistance 28.1 ohm/sq
Post Pre-dep PMOS Vt -.97 Volts
Thermal Passivation Oxide Thickness 1098 A
Final Polysilicon Sheet Resistance 30.3 ohm/sq
Final PMOS Threshold Voltage -1.1 Volts
N-Well Junction Depth 5.1 microns
20
Final PMOS Gate Profile
2ir^
Threshold Voltage: -1.0686 volts
Polysilicon Rs: 30.332 ohm/sq
N Well Xj: 5.1229 microns
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Figure 3.6 PMOS Gate Simulated doping profile
3.7 PMOS Source and Drain
This simulation starts at the polysilicon doping, saved during the PMOS gate simulation, and
continues through to completion. The major steps that are simulated include the PMOS
source/drain BF2 implantation, and passivation oxide growth, deposition, and anneal. The
important results are summarized in Table 3.7 and the simulated profile is in Figure 3.7.
The critical values for this region are the PMOS S/D junction depth, sheet resistance, and N-Well
junction depth. The PMOS S/D junction depth must be shallow enough that the lateral diffusion
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Table 3.7 PMOS Source and Drain Simulation Results
Process Step Simulated Results
Thermal Passivation Oxide Thickness 850 A
N-Well Junction Depth 5.1 microns
NMOS S/D Junction Depth .58 microns
NMOS S/D Sheet Resistance 302.2 ohm/sq
NMOS S/D Surface Cone.
6E18/cm3
Final PMOS S/D Profile
20-
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PMOS S/D Xj: 0.58208 microns
PMOS S/D Rs: 302.2 ohms/sq.
PMOS Implant: 1E15 BF2, 55KeV
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Figure 3.7 PMOS Source and Drain simulated doping profile.
does not cause the source and drain to electrically short. With a simulated
value of .58
microns this process should work for lithographic gate lengths
down to 2 microns. The sheet
resistance must be low to minimize parasitic resistance. For this process this
parameter has
not been minimized since low parasitic resistance primarily
improves device speed, which is
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not being emphasized in this initial process integration. The simulated value is 302.2 ohm/sq and
this is an acceptable value for this process.
3.8 Metal over N-Well Field
This simulation is for the region where the metal is on top of the field oxide and SOG over the
N-Well region. The steps that are simulated include the field, sacrificial, and gate oxidations,
polysilicon deposition, doping and removal, spin on glass deposition, and metal deposition. A
summary of the simulation is in Table 3.8, and the doping profile is in Figure 3.8.
The critical results in this simulation are that there is sufficient field oxide remaining to keep the
metal electrically isolated, and that the threshold voltage is greater than the supply voltage. The
final oxide thickness is slightly greater than 1 micron, and is more than adequate. The threshold
voltage is also sufficient with a final value of -34.1 volts.
Table 3.8 Metal over N-Well Field simulation results
Process Step Simulated Result
Final Oxide Thickness 10,278 A





Final Metal over NWell Field
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Figure 3.8 Metal over N-Well Field simulated dopant profile.
3.9 N+ Plug in N-Well
This simulation starts after the nitride deposition, saved during the N-Well simulation, and
continues through to completion. The major steps that are simulated include the field oxidation,
sacrificial and gate oxidations, polysilicon deposition and etch, NMOS source/drain phosphorus
implantation, passivation oxide growth, deposition, and anneal. The important results are
summarized in Table 3.9 and the simulated profile is in Figure 3.9.
The critical values for this region are the N+ plug junction depth, sheet resistance, and N-Well
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Table 3.9 N+ Plug in N-Well Simulation Results
Process Step Simulated Results
N-Well Junction Depth 5.08 microns
N+ Plug Junction Depth .48 microns
N+ Plug Sheet Resistance 76.8 ohm/sq
N+ Plug Surface Cone.
9E19/cm3




N+ Plug Rs: 76.829 ohm/sq
Xj: 0.48247 microns at 3E16
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Figure 3.9 N+ Plug in N-Well simulated doping profile.
junction depth. The N+ plug N+/N high-low junction is
formed by the high dose phosphorus
implant in the N-Well. The sheet resistance in this case is important so that there is an ohmic
contact to the N-Well, and is simulated to be 76.8 ohms/sq.
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Table 3.10 P+ Plug in the P-Field Simulation Results
Process Step Simulated Results
P+ Plug Junction Depth .61 microns
P+ Plug Sheet Resistance 208 ohm/sq
P+ Plug Surface Cone. IE 19
/cm3
Final P+ Plug in P-Substrate
20-
P+ Plug Rs: 207.61 ohm/sq
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Figure 3.10 P+ Plug in the P-Substrate simulated doping profile.
3.10 P+ Plug in P-Substrate
This simulation starts after the nitride deposition, saved during the P-Field simulation,
and
continues through to completion. The major steps that are
simulated include the field
oxidation, sacrificial and gate oxidations,
polysilicon deposition and etch, PMOS source/drain
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BF2 implantation, passivation oxide growth, deposition, and anneal. The important results are
summarized in Table 3.10 and the simulated profile is in Figure 3.10.
The critical values for this region are the P+ plug junction depth and sheet resistance. The P+
plug is formed by the high dose BF2 implant, and is a P+/P high-low junction. The sheet
resistance in this case is important to have an ohmic contact to the P-Substrate, and is simulated
to be 208 ohms/sq.
3.11 Polysilicon over P-Field
This simulation is for the region where the Polysilicon is on top of the field oxide over the
P-
Field region. The steps that are simulated include the field, sacrificial, and gate oxidations,
polysilicon deposition, doping and removal, spin on glass deposition and anneal. A summary of
the simulation results are in Table 3.11, and the doping profile is in Figure 3.11.
The critical result in this simulation is that the threshold voltage is large enough to keep the
NMOS devices electrically isolated. During this simulation there is a
1.2E12cm2
boron implant
designed to raise the field threshold. If this dose was not large enough the silicon surface could
be depleted of boron, which would cause surface leakage. For the selected dose, the final
threshold voltage is 11.7 volts.
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Table 3.11 Polysilicon over P-Field simulation results
Process Step Simulated Result
Final Oxide Thickness 7,236 A




Final Poly over P-Field Profile
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Figure 3.11 Polysilicon over P-Field simulated dopant profde.
3.12 Polysilicon over N-Well Field
This simulation is for the region where the polysilicon is on top of the field oxide over the
N-
Well region. The steps that are simulated include the field, sacrificial, and gate oxidations,
polysilicon deposition and doping, spin on glass deposition, and anneal. A summary of the
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simulation is in Table 3.12, and the doping profde is in Figure 3.12.
The critical result in this simulation is that the threshold voltage is large enough to keep the
PMOS devices electrically isolated. Due to the phosphorus piling up at the silicon/oxide interface
there isn't a need to use a threshold adjust implant in this region, and the simulated Vt is -23.3
Volts.
Table 3.12 Polysilicon over N-Well Field simulation results
Process Step Simulated Result
Final Oxide Thickness 7,237 A




Final Poly over NWELL Field
Threshold Voltage: -23.349 volts
Polysilicon Rs: 23.986 ohm/sq
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Figure 3.12 Polysilicon over N-Well Field simulated dopant profile.
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3.13 Gate Threshold Optimization
In this simulation the goal is to determine the device threshold implant dose that will result in
the NMOS and PMOS devices to have Vt's of equal magnitude, but opposite sign. This condition
is the optimum to obtain inverters with symmetric voltage swings. Since this is a very important
condition the simulated Vt's are calculated for a range of implant doses. A graphical
representation of these simulations is in Figure 3.13. As this graph indicates the optimum device
Vt adjust implant dose is 2.15E12cm"2.
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In Figure 4. 1 is the layout of the entire testchip. In Appendix C is a more detailed description of
each cell as well as individual plots. A summary of all the devices is in Table 4.1.
In general terms the testchip layout contains test structures for measuring contact and sheet
resistance, junction and oxide breakdown voltage, capacitance, threshold voltage, MOSFET
characteristics, invertor characteristics, invertor speed, latch-up resistance, and analog circuit
performance. The layout uses a standard 100 micron square pad, on a 200 micron pitch for ease
of probing. All of the structures are labeled on the metal layer for identification during probing.
The standard minimum geometry is 10 microns for all widths and spacings.
Table 4.1 Testchip Layout Summary
CELL NAME CELL DESCRIPTION
BA Metal to P+ Contact Test Structures
BB Metal to N+ Contact Test Structures
BC Metal to Poly(+) Contact Test Structures
BD Metal to Poly(-) Contact Test Structures
BF Metal to N+ Plug Contact Test Structures
DB Metal and Poly Serpentine over Topography
FA Metal to Polysilicon Capacitors
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FB Metal to N-Well Capacitors
FD Metal and Polysilicon to Substrate Capacitors
HA Latch-Up Test Structures
IA NMOS FET Subregion Defect Test Structures
JA N-Well and N+ S/D Resistors
JB Poly and N+ S/D Resistors
JC P+ S/D Resistors, and Various Diodes
KA NMOS Transistors, L/W=10/10, 20/10, 30/10, 40/10
KB NMOS Transistors, L/W=3/10, 5/10, 7/10, 9/10
KC PMOS Transistors, L/W=10/10, 20/10, 30/10
KD PMOS Transistors, L/W=3/10, 5/10, 7/10
KE NMOS Transistors, L/W=20/20, 20/30, 20/40, 20/50
KF NMOS Transistors, L/W=20/3, 20/5, 20/7, 20/9
KG PMOS Transistors, L/W=20/20, 20/30, 20/40
KH PMOS Transistors, L/W=20/3, 20/5, 20/7
LA Van der Pauws for N-Well, Poly (+), and P+ S/D
LB Van der Pauws for Poly(-), N+ S/D
MA Invertor, Ratio=2, PMOS:20/60, NMOS:20/30
MB Invertor, Ratio=1.7, PMOS:20/120, NMOS:20/70
NA 2 Input NOR Gate
Invertor 5 Invertor, Ratio=1.0, PMOS:5/15, NMOS:5/15
Invertor 10 Invertor, Ratio=1.0, PMOS: 10/30, NMOS: 10/30
Ring Osc. 15 Stage Ring Oscdlator
Op. Amp. Operational Amplifier and Op. Amp. Sub-Circuits
Op Amp Test Operational Amplifier Sub-Circuits
T-Gate Transmission Gate
SEM Invertor Invertor Cross Section for SEM analysis
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In Appendix D is the control wafer process flow. The deviations from the process outlined earlier
are described below.
During the 300 minute wet portion of the field oxidation the bubbler that supplied the steam, ran
out of water. This resulted in an insufficient oxide thickness. To compensate for this the wafer
were placed in the furnace a second time for an additional 80 minute wet oxidation.
At the device threshold adjust implant step the boron dose in each wafer was varied to observe
the effects. It was also suspected that the simulations would not predict the exact optimum dose,
therefore using dose values around the simulated optimum was the best method to get working




30KeV boron, with a simulated
optimum near 2E12cm"2.
The polysilicon doping was done using phosphorus spin on dopant, except one wafer was
implanted with lE16cm 2, 50KeV Phosphorus. Historically RIT had problems with processing P-
Well CMOS due to over doping the polysilicon with the spin on dopant. By only using a 10
minute 950C phosphorus predeposition, it was hoped that this would be avoided. It was also
known that a high dose implant would be a more controllable way to perform the doping,
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therefore one wafer was implanted as a safety measure. As will be seen later, both forms of
polysdicon doping resulted in working devices.
The planned dielectric between the metal and the polysilicon, and metal and the source/ drains,
was spin on glass. There were many concerns of the SOG doping or contaminating the
semiconductor, and of high oxide leakage. This made it necessary to grow a thin thermal oxide
as a barrier layer. According to SOG BOE etch studies, the etch rate of the SOG was much
higher than the native thermal oxide. At the contact etch both of these layers needed to be etched,
and if both oxides were etched at the same time there would have been severe SOG over etching,
and resist undercutting. Therefore after the native thermal oxide was grown, the contacts were
etched into it. Then after the SOG was deposited and densified, the same mask was applied a
second time, and the contacts were etched into it. All of this added many steps and was very time
consuming, but it was done to improve the safety margin.
During the final SOG contact etch it so happened that the BOE etch rate was nearly the same as
it was for the native oxide, contrary to previous tests. The reason for this was that during the
earlier tests the 900C, 30 minute cure was done in nitrogen, and the process wafers were done
in wet oxygen. The oxidizing environment did a superior densification, which reduced the oxide
etch rate. This means that there was no need to do the additional photolithography and etch.
At the very last step of the process there was also a
major mistake done. The photoresist was not
stripped before the 450C forming gas sinter and anneal. This created a burned crust of
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photoresist on the aluminum, and it was very difficult to scratch through it during electrical
testing. Before the bulk of the electrical testing was performed, the metal was stripped, and the
wafers were reprocessed from metal deposition through the anneal. It is not known if this
contributed to the N+ contact and junction leakage problems that will be described later. Since





The Kelvin Contact is used to measure the Contact Resistance (Rc) and the Specific Contact
Resistance (pc) while minimizing the parasitic from the bulk and sheet resistance. A generic
layout of a Kelvin Contact is in Figure 6.1. This structure is measured by forcing a current
between contact pads 1 and 2, and measuring the voltage between contacts 3 and 4. The voltage
between pad 1 and pad 2 can be separated into three parts. The first is between pad 1 and the
semiconductor sheet, the second along the semiconductor sheet, and the third between the
semiconductor sheet and pad 2/3. If a high impedance voltmeter is used to measure the voltage
V43 = V4 V3, very little current will flow between pads 4 and 3. Hence the potential at pad 4
is essentially identical to that in the semiconductor directly under contact 5 and V43 is solely due
to the voltage drop across the contact metal-semiconductor interface. The contact resistance is
then calculated by:
Rc = v43/I
The specific contact resistance is calculated from R,. through the relation
pc
= RA
where Ac is the contact area in square centimeters [1]. The experimental results are
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summarized in Table 6.1.





N+ Plug in the N-Well 378 3.78E-4
N+ Source and Drain Contact 332 3.32E-4
P+ Source and Drain Contact 112 1.12E-4
Polysilicon (+) 58.4 5.84E-5




Figure 6.1 A Kelvin contact resistance structure, (a) top view of the structure, (b) cross section
through section A-A [1].
6.2 Contact Chains
The contact chain incorporates many contacts in series, as illustrated in Figure 6.2(a). The total
resistance is the sum of the semiconductor resistance and the contact resistance. If it is assumed
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N+ Plug in the N-Well 6.81K 243 2.43E-4
N+ Source and Drain Contact 7.35K 263 2.63E-4
P+ Source and Drain Contact 8.91K 318 3.28E-4
Polysilicon (+) 1.02K 36.4 3.64E-5








Figure 6.2 A contact chain test structure, (a) Cross section and top view, (b) a contact string laid
out in three separate sections [1].
that the contact resistance is greater than the semiconductor resistance, the contact resistance is
obtained by dividing by the number of contacts [1]. In
general this approximation is very poor,
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and without subtracting the semiconductor resistance this structure is limited to detecting severe
contact defects.
The contact chains designed for this work are similar to those illustrated in Figure 3.2(b), but
instead of being split into three different sections, they are only split into two. With the 10
micron contact chain it is possible to measure the resistance of 8, 20, and 28 contacts, and with
the 5 micron design it is possible to 12, 14, and 26 contacts. For this analysis only the 10 micron,
28 contact, contact chains were measured, and the results are in Table 6.2.
6.3 Van der Pauws
The Van der Pauw test structure is used to measure the sheet resistance of the semiconductor
material. These measurements are accurate if the following conditions are met: (1) the contacts
are at the circumference of the sample, (2) the contacts are sufficiently small, (3) the sample is
uniformly thick, and (4) the surface of the sample is singly connected, i.e., the sample does not
contain any isolated holes [1].











and A, B, C, and D are symmetrical contact nodes as described in Appendix C. The results of
these measurements are summarized in Table 6.3.
Table 6.3 Van der Pauw measurement results
Van der Pauw Name SHEET
RESISTANCE
[ohms/sq]
N-Well under Gate Polysilicon 1,080
N+ Source and Drain Contact 144.0




The resistors are used to measure the sheet resistance and the contact resistance of five different
semiconductor materials. For each material two resistors of different length to width ratios are
provided. The measured resistance for these two resistors can be expressed as:
R, = 2RC + ps(L1AV1)
R2 = 2RC + ps(L2/W2)
solving for the sheet and contact
resistance results with
ps
= (R1 R^/KL/W,) (LyWj)]
RC = [R1 PsOVWOl/2
or: R. = [R2
- p.CWWj)]^
This value of R,. includes all of the resistance beyond this 10 micron wide resistor. The measured
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and calculated results can be found in Table 6.4.













N+S/D 8.92 K 3.95 K 61.9 1231.4
P+ S/D 67.8 K 16.1 K 643.6 316.2
Poly 12.0 K 3.03 K 112.2 169.7
Poly + 7.67 K 1.93 K 71.5 106.6
N-Well under
Field Ox.
126.7 K 34.5 K 1136.3 2589.0
6.5 Contact and Sheet Resistance Summary
There were four different test structures used to measure the contact and sheet resistance. The
results of these measurements and the simulated values are outlined in Table 6.5. The P+ S/D
Kelvin Contact measured reasonable values compared to the results of the other two methods.
This is likely to be due to the parasitic resistances that are inherent with the contact chain and
the resistor. The measured P+ sheet resistance is twice the simulated, but are still reasonable
results.
The N+ S/D Kelvin contact measured a larger value than the Contact Chain. This is most likely
due to the excess junction current from the surface depletion problem that will be discussed later.
The leakage reduced the total resistance of the normally electrically isolated contact chain and
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this resulted in an erroneous reduction in the average contact resistance. The resistor certainly
also suffered from the same leakage problem, resulting in false contact and sheet resistance
measurements. If it is assumed that the Kelvin contact results are correct, the previously
mentioned specific contact resistance of
3.3E-4ohm*cm2
corresponds to an active phosphorus
surface concentration of 3E19cm"3. This is less than the simulated 9E19cm"3, but is certainly
possible.
Table 6.5 Summary of Contact and Sheet Resistance results.















N+S/D 332 263 1231 144 61.9 82.6
P+S/D 112 318 316 517 643.6 302
Poly + 58.4 36.4 107 86.6 71.5 24
Poly 43.4 48.2 170 129 112.2 30.3
The N+ S/D Van der Pauw measured a sheet resistance that was nearly twice the simulated value,
but still was within reason. This piece of information and the previously mentioned surface
concentration are important because they are good indicators that N+ junction leakage problems
were not related to insufficient doping, drive-in or activation.
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The difference between the polysilicon (+), and the polysilicon (-) is the additional phosphorus
doping from the N+ S/D implant, or the counter doping by the P+ S/D implant, respectively. As
the simulations indicate the poly (+) should have a lower sheet resistance and it follows that the
contact resistance should be lower as well. The Van der Pauw and resistor sheet resistance results
support this relative statement, but their magnitudes are 3 to 4 times larger than the simulations.
This is not surprising since it is well known that the spin on diffusion source is poorly modeled
by the Suprem solid solubility limited predeposition. In this case it is reasonable to conclude that
the glass dopant source supplied less than the solid solubility limit, and the predeposition was
surface concentration limited.
The contact resistance measured by the contact chain and resistor was in agreement with the
previous predictions, that the poly (+) contact resistance would be lower. The Kelvin contact
results contradict this prediction, and the poly (+) result was even larger than that measured by
the contact chain. This makes the poly (+) Kelvin contact results suspect, but unexplained.
The N+ Plug in the N-Well contact resistance was measured with only the Kelvin contact and
the contact chain. The contact resistance was very high, and as should be expected , very close
to the N+ S/D values. This similarity to the N+ S/D contact resistance indicates that it has a
similar active phosphorus surface concentration of 3E19 cm'3. The simulated sheet resistance was
not confirmed by measurement.
The sheet resistance of the N-Well under field oxide was measured with resistors, and resulted
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in values close to the simulation. The related contact resistance is actually the summation of the
N+ plug in the N-Well, and the parasitic in the end of the resistor.
The sheet resistance of the N-Well under the gate polysilicon was measured with a Van der
Pauw, and the measured value was 30% lower than the simulation predicted.
6.6 Diodes
The diodes are designed to measure the junction characteristics, including the reverse leakage and





I0 = qA[(DpPn0/Lp) + (Dnnp0/Ln)]
Va is the applied junction voltage, n is the ideality factor, A is the diode area, Dp and Dn are the
minority carrier hole and electron diffusivities, pn0 and n,,0 are the minority hole and electron
carrier concentrations on the n and p sides of the junction respectively, and Lp and Ln are the
minority carrier hole and electron diffusion lengths
on the n and p side of the junction
respectively [8].
In Figure 6.3 is a plot of log(I) versus V which gives a straight line over the portion of the curve
where kT/q V and the voltage drop due to the series resistance (rs) is not significant. The
straight-line portion of the plot yields I0 by extrapolation to V=0, and it gives n from the slope
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S=8log(I)/5V. This allows the ideality factor to be calculated from the measured slope, according
to
n = 1 / [2.3S(kT/q)]
where the 2.3 accounts for the conversion from ln(I) (base e) to log(I) (base 10). At low currents,
where space-charge region (scr) recombination/ generation dominated, I0 is the scr current and
n = 1.5 to 2 for Si diodes. At higher currents, I0 accounts for the quasi-neutral region
recombination/ generation and n = 1 [1].
o
Figure 6.3 Log versus V for a diode with series resistance [1].
The reverse breakdown voltage (BV) can be used to determine the doping concentration of the
lightly doped side of the junction. The breakdown voltage has the approximate form
BV = esEc2/2qNlight
where es is the silicon permittivity, Ec is the critical electric field for avalanche and Zener
breakdown, and NUght is the impurity concentration at the lightly doped side of the junction [9].
This equation illustrates the important fact that the breakdown voltage is inversely proportional
to the impurity concentration of the lightly doped side.
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N-Well to Sub. >99 V <5E15 2E15 8E-8 7.28 2.315
P+ S/D to N-
Well
17.3 V 6E16 2E16 3E-11 15.8 1.067
N+ S/D to Sub. 29.9 V 2.5E16 4E15 4E-6 6.71 2.511
In Table 6.6 the measured and calculated results are compared to the simulated results. The raw
data for the diodes measured can be found in Appendix E. It is apparent from the plots and the
summarized data that the N+ Source/ Drain to substrate diode has a high leakage current. It will
be shown in the next section that the P-Field threshold adjust implant was insufficient to
compensate for the Boron segregation into the oxide. This left the field surface partially depleted
of majority carriers. As the bias is increased, a minority carrier sheet charge forms, and then
quickly diffuses to the N+/P junction to create the leakage.
As for other possible leakage contributions, the breakdown voltages are close enough to those
anticipated to conclude that the leakage is not due to the doping on the lightly doped side. As
mentioned earlier in section 5, the photoresist was left on the wafers during the sinter and anneal.
If the 450 C process was high enough to diffuse the carbon of the resist into the junction, it
could be another source of the problem. Carbon is known to have two ionization energies within
the silicon band gap. Both of these energy levels are donor sites and are
located at .25 and .91eV
below the conduction band [13]. These sites could be acting as recombination centers, and
increasing I0. It is most likely that all of the
problem is due to the surface depletion, and it will
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be seen latter that this severe NMOS S/D junction leakage causes the NMOS FETS to operate
very poorly.
6.7 Capacitors
There are three general categories of capacitors used in this work. They include the Thin Oxide
MOS, Thick Oxide MOS, and the Metal to Metal Capacitor. The thin oxide MOS capacitors
represent the gate of the NMOS and PMOS devices. The thick oxide MOS capacitors represent
the metal and heavily doped polysilicon over the field and SOG oxides. These first two types of
capacitors are used to measure the threshold, flat band voltage, dielectric thickness, surface states,
and mobile ion shift. The last type of capacitor, the metal to metal capacitor, is used to measure
the capacitance and oxide thickness between the metal and the polysilicon.
For all three types, the capacitance per unit area(C0J is given by:
C0x = erE()A / tox
where er is the oxide relative permittivity (3.9), e0 is the permittivity
of free space
(8.854E1014
F/cm), A is the area, and tox is the oxide thickness [8]. Using this relationship the dielectric
thickness can be determined by measuring the oxide thickness, and knowing the designed
capacitor area.
For the first two types of MOS capacitors the capacitance is measured while sweeping the gate
voltage from some negative value to a positive value. The resulting plot for a p-type
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semiconductor is illustrated in figure 6.4. At a large negative bias there is an accumulation of
holes at the oxide - silicon interface, and the measured value is simple the oxide capacitance. As
the voltage increases a depletion layer is the semiconductor forms, which decreases the measured
capacitance, since it is an additional series capacitance. At approximately .95C0X the Flat Band
voltage (Vpg) is reached, which is defined as the voltage needed to overcome the charges in the
oxide (Q0) and the work-function difference between the metal or polysilicon and the
semiconductor ((J^). Quantitatively this is expressed as
Vfh = <L, Qo/Co
The silicon doping concentration can be found by plotting
1/C2
versus V and finding the slope
as the surface goes from depletion into inversion, and is given by
NA = 2/qesiA2[d(l/C2)/dV]
for a p-type semiconductor.
When the applied gate bias has a high frequency (1MHz) low voltage (lOmV) pertibation riding
on the DC voltage, the depletion capacitance will reach a maximum, and the measured total
capacitance will level off. This is illustrated by the High frequency curve. If the DC voltage is
swept too quickly the minority carriers are not thermally generated fast enough, and the
semiconductor goes into deep depletion. If the AC signal is not present, the thermally generated
electrons will form a sheet charge at the silicon-oxide interface, and the capacitance will return
to the Cox value. The point at which the low and high frequency curves diverge
from each other
is relatively close to the threshold
voltage. This is the applied bias at which there is sufficient
minority carrier conduction at the
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Figure 6.4 P-Type silicon Capacitance versus Voltage curve [9].
In Table 6.7 are the Capacitor measurement results. The most important results are the oxide
thicknesses and the threshold voltages. The PMOS and NMOS gate capacitors both have results
that are consistent with the MOSFET results that will be presented later. The oxide thickness of
these two devices are near the nominal 500 A, and the threshold voltages of -1.2 and +1.0 V are
near the nominal 11.11 V.
The Polysilicon/ N-Well thick oxide capacitor is used to measure the field oxide thickness and
threshold voltage of the N-Well. Both of these results are also acceptable since the oxide
thickness is greater than 5,000 A, and the threshold is less than -40 V.
The Polysilicon/ Substrate thick oxide capacitor represents the P-Field region. The measured
threshold voltage of +5.2 V is much less than the simulated +11.7 V. In Appendix E is the
measured C-V curve for this device, and it is apparent that this low threshold voltage is the
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source of all the NMOS source and drain leakage problems. At an applied gate bias of zero volts
the capacitance is only 22% of the maximum value, and it should nominally be greater than 80%.
This indicates that with no applied bias the P-type silicon is depleted of carriers, and with a small
applied bias a minority carrier sheet charge will form at the surface. If there is an N-type layer
near this sheet charge, it will be collected and will be seen a leakage current. These results
indicate the 18 KeV. 1.2E13 cm"2, Boron P-Field threshold adjust, or channel stop, implant was
not sufficient.
Table 6.7 Capacitor measurement results.
Capacitor Name c0I r^min crb vfb t, v,
Poly/ N-Well Thin
Oxide (PMOS Gate)
39.9 pF 11.0 pF 37.8 pF 2.5 V 678 A -1.2 V
Poly/ N-Well Thick
Oxide
5.18 pF 2.9 pF 5,226 A <-40V
Poly/ Sub. Thin Oxide
(NMOS Gate)
58.5 pF 30.0 pF 55.5 pF -1.8 V 463 A +1.0V
Poly/ Sub. Thick
Oxide
8.51 pF 8.02 pF 8.48 pF -12.8 V 3,181 A +5.2 V
Poly/ Sub Thick Ox,
NO Vt Adj. Implant
7.61 pF 6.53 pF 7.56 pF -14 V 3,557 A -2 V
Metal/ Poly 8.7 pF 3,111 A
The fifth capacitor is the same as the one just described, but it did not receive the threshold
adjust implant. This device demonstrates what the field threshold would be -2 V if the low energy
implant was not performed. Since this capacitor's threshold voltage is 7.2 volts less than the
previous device, it also confirms that the implant was present, but the dose was simply not large
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enough.
The last device listed is the Metal/ Polysilicon capacitor. The 3,100 A oxide measured is in
agreement with the thickness measured during the processing.
6.8 MOSFETS
In general the MOSFET has three regions of operation including the cutoff, linear, and saturation
regions. When VGS < Vt the transistor is in cutoff. The voltage applied to the gate is not sufficient
to form an inversion layer, and the transistor acts as an open circuit.
When VDS < VGS-VT the MOSFET is in the linear region and the drain to source current varies
with the potential difference VDS. In this region the expression for the current is:
Ids = C0ueff(W/L)[(VGS-VT) V2DS/2)
where C0 is the gate capacitance per unit area, uefr is the effective carrier mobility, and W/L is
the transistor width to length ratio.
When VDS > VGS-VT the MOSFET is in the saturation region and the drain current is independent
of the drain voltage. The current is then expressed as:
Ids = C0ueff(W/L)(VGS
- VT)2/2




The transconductance is obtained by differentiating the current equations for the linear and
saturation regions, which yields
gm
= C0ueff(W/L)VDS
for the linear region, and
gm
= C0ueff(W/L)(VGS VT)
for the saturation region [8].
The MOSFET characteristics have been tested by plotting two different curves. The first is
illustrated in figure 6.5, and is a plot of the drain current and transconductance as a function of
applied gate bias. During this test the substrate is grounded, and the drain voltage is small (.IV)
with respect to the threshold, to restrict the operation to the linear region. By extrapolating the
linear portion of the curve to IDS=0, the threshold voltage is determined. In the case of the NMOS
transistors, which had high leakage currents, the threshold voltage was determined by the voltage
at which the transconductance was half of the maximum value.
The second curve that was plotted was the drain current versus the drain voltage, with varying
gate voltage. An example of this curve is in Figure 6.6.
In Table 6.8 is a summary of the MOSFET data. It is easy to see that there is a severe leakage
current problem in the NMOS transistors. As discussed earlier, the P-Field surface depletion
appears to be the source of the problem.
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Figure 6.5 PMOS IDS vs VG.
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1 1E12 14,155 .76 1.78 -69 -1.81 .51
11 1E12 18,927 .84 1.73 -78 -1.71 .53
5 1.5E12 1,405 1.03 1.79 -117 -1.50 .59
4 2.0E12 2,114 1.00 1.71 -84 -1.21 .66
12 2.0E12 2,862 1.11 1.59 -97 -1.21 .61
6 2.5E12 1,408 1.34 1.53 -51 -0.80 .68
13 3.0E12 2,377 1.40 1.44 -7. -.09 .62
Vt versus Implant Dose
Actual NMOS
1.5 2 Z5
Vt Implant Dose (30KeV Boron, XE12)
.





Figure 6.7 Vt versus Implant Dose
To obtain a balanced NMOS and PMOS threshold voltage the 30KeV Boron threshold adjust
implant dose was varied from 1E12 to 3E12 cm"2. In Figure 6.7 the actual and simulated V,
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versus Implant dose results are compared. The Suprem simulation predicted that the best implant
dose would be 2.15E12 cm"2, with a Vt of +0.9 and -0.9 volts for the NMOS and PMOS
respectively. The actual results indicate that the best dose is 2.10E12 cm2, with Vt's of +1.1 and -
1.1 volts.
In Figure 6.8 is plotted the inverse transconductance versus designed gate length, for NMOS and
PMOS transistors of the same width (20 microns) and varying length, biased in the linear region.






Figure 6.8 l/gm vs Gate Length, Width = 10 microns, IVDSI=.1V
By reviewing the linear region transconduction equation it is obvious that gm is zero when the
gate length is zero. It follows that the X intercept is the lateral diffusion (LJ of the source and
drain in the direction of the current flow. Graphically this is found to be 1.2 microns for the
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NMOS and PMOS devices.
In Figure 6.9 is plotted the transconductance versus designed gate width, for NMOS and PMOS
transistors of the same length (10 microns) and varying width, biased in the linear region. In this
case the X intercept is the lateral diffusion perpendicular to the flow of current. For the NMOS














Figure 6.9 gm vs Gate Width, Length
= 20 microns, IVDSI=.1V
6.9 Inverters
10
In general the ideal CMOS invertor has high gain, high current drive capabilities,
a switching
point (VjJ equal to one half the supply voltage,
and zero current flow in the standby mode.
Graphically this is illustrated in figure 6.10.




I v,hp i v
Figure 6.10 Input -Output voltage characteristics and the transient current characteristics of a
CMOS invertor [12].
switching point or logic threshold voltage is equal to:
v^ = vdd + vTp
+vTn(pD/pp)1/2




To obtain the optimum condition of Vjnv=Vdd/2, pp must equal pn and VTn must equal -VTp.
Balancing the threshold voltage is possible by controlling the threshold adjust implant, as
discussed earlier. Since u,, is approximately 2Up, Wp/Lp must be set to 2WD/Ln.
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Figure 6.11 CMOS Invertor with high NMOS leakage.
In Figure 6.11 is a typical plot of an invertor with a high NMOS leakage current. This curve
illustrates very well that the NMOS leakage causes a
reduction in the logic high output, and
creates a high standby current.




The ideal Operational Amplifier should have high differential mode voltage gain (Av ,,,), low
common mode voltage gain (Avcm), high common mode rejection ratio (CMMR), zero voltage
offset (Vos), infinite input resistance (RJ, and large output resistance (Rout) [6]. The design
defined by Edward P. Sayre III to meet this criteria is in figure 6.12. This designs biasing current
stage was slightly modified by Sayre to conform to the N-Well process, and was fabricated as
part of this work. The actual transistor ratios can be extracted from the layout in appendix C.
In figure 6.13 is an example of a measured transfer characteristic. In this example the circuit is
biased in the differential mode and has an offset voltage of -0.236V and the gain is 1,220. Note
that the applied bias is only swept between
+/- 500mV, and that at larger biases the output gets




































Figure 6.12 CMOS Operational Amplifier [6].
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This project demonstrated the successful completion of an N-Well CMOS process integration into
the Rochester Institute of Technology Microelectronic Engineering integrated circuit fabrication
facility. The work included all aspects of mask layout, process simulation, fabrication, and
electrical testing. In general all of the devices worked despite the high p-type field surface
leakage caused by an insufficient field threshold adjust implant dose. The optimum device
threshold adjust implant resulted in +/- 0.9Volt NMOS and PMOS Vt's. The highest operational
amplifier differential voltage gain found was 1,220. Future work in this area should include the
expansion of this process into a BiCMOS technology.
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N-Well CMOS Process Flow
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Pad Oxidation, XOX = 250A
















P-Fleld Vt Boron Implant























Device VtAdjust Boron Implant












Gate Oxide Growth, XOX = 500A




Spin On Emulsttone N-250 or Implant Phosphorus (50 Kev, 1 .0el6)




















NMOS S/D Phosphorus Implant
Energy = 35 KeV, Dose = lel5
BF




PMOS S/D BF2 Implant











Spin on Glass Deposition
Accuglass2ir Thickness = 3XXX)A
Oxide DenslfkxrtlonAnneal
Temperature = 900 C, Time = 30 mln.

















N2 Dry 02 Wet
02
Boat In 10 1000 X
Stabilization 10 1000 1000 X
Wet Oxidation 55 1000 1000 X
Dry Oxidation/ Anneal 5 1000 1000 X
Ramp Up to 1150C 15 1000 1150 X
1150C Anneal/ Denude 600 1150 1150 X
Boat Out 10 1150 X







N2 Dry 02 Wet
o2
Boat In 10 1000 X
Stabilization 10 1000 1000 X
Wet Oxidation 26 1000 1000 X
Dry Oxidation/ Anneal 5 1000 1000 X
Ramp Up to 1150C 15 1000 1150 X
1150C Anneal/ Drive-in 1250 1150 1150 X
Ramp Down to 800 C 120 1150 800
X
800 C Anneal 360 800 800 X
Boat Out 10 800 X
A10







N2 Dry 02 Wet
o2
Boat In 10 900 X
Dry Oxidation 30 900 900 X
Boat Out 10 900 X







N2 Dry 02 Wet
02
Boat In 10 800 X
Stabilization 15 800 800 X
Ramp Up to 1100C 20 800 1100 X
Dry Oxidation/ BF2
Anneal
25 1100 1100 X
Ramp Down to 950C 30 1100 950 X
Stabilization 15 950 950 X
Wet Oxidation 300 950 950 X
850C N2 Anneal 30 950 950 X
Ramp Down to 800C 30 950 800 X
Boat Out 10 800 X









Boat In 10 900 X
Dry Oxidation 20 900 900
X
Wet Oxidation 25 900 900 X
Dry Oxidation 40 900
900 X
Boat Out 10 900 X
All







N2 Dry 02 Wet
o2
Boat In 10 950 X
Stabilization 15 950 950 X
Dry 02 and TCA 82 950 950 X+TC
A
Anneal 30 950 950 X
Boat Out 10 950 X







N2 Dry 02 Wet
o2
Boat In 10 950 X
Anneal/ Doping 10 950 950 X
Boat Out 10 950 X







N2 Dry 02 Wet
o2
Boat In 10 900 X
Wet Oxidation 15 900 900 X
Boat Out 10 900 X







N2 Dry 02 Wet
o2
Boat In 10 900 X
Wet Oxidation 30 900 900 X
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BA Metal to P+ Contact Test Structures
Device #1: Metal to P+ S/D lOum Kelvin Cross Contact Bridge
Device #2: Metal to P+ S/D lOum Contact Chain
Device #3: Metal to P+ S/D 5um Contact Chain
BB Metal to N+ Contact Test Structures
Device #1: Metal to N+ S/D lOum Kelvin Cross Contact Bridge
Device #2: Metal to N+ S/D lOum Contact Chain
Device #3: Metal to N+ S/D 5um Contact Chain
BC Metal to Poly(+) Contact Test Structures
Device #1: Metal to Poly(+) lOum Kelvin Cross Contact Bridge
Device #2: Metal to Poly(+) lOum Contact Chain
Device #3: Metal to Poly(+) 5um Contact Chain
BD Metal to Poly(-) Contact Test Structures
Device #1: Metal to Poly(-) lOum Kelvin Cross Contact Bridge
Device #2: Metal to Poly(-) lOum Contact Chain
Device #3: Metal to Poly(-) 5um Contact Chain
BF Metal to N+ Plug Contact Test Structures
Device #1: Metal to N+ Plug lOum Kelvin Cross Contact Bridge
Device #2: Metal to N+ Plug lOum Contact Chain
Device #3: Metal to N+ Plug 5um Contact Chain
DB Metal and Poly Serpentine over Topography
Device #1: Metal Serpentine (lOum line/space) over a Polysilicon
Comb (lOum line/space)
Device #2: Polysilicon Serpentine (lOum line/space) over a Field
oxide Comb (lOum line/space)
Device #3: Metal Serpentine (5um)
FA Metal to Polysilicon Capacitors
Device #1: Metal to Polysilicon Capacitor over Field Oxide (280 x
280um)
Device #2: Metal to Polysilicon Capacitor over Thin Oxide (280 x
280um)
FB Metal to N-Well Capacitors
Device #1: Metal to N-Well Thick Oxide Capacitor (280 x 280um)
Device #2: Metal to N-Well Thin Oxide Capacitor (280 x 280um)
FD Metal and Polysilicon to Substrate Capacitors
Device #1: Polysilicon to Substrate Thick Oxide Capacitor
(280 x 280um)
Device #2: Metal to Substrate Thick Oxide Capacitor (280 x 280um)
C2
HA Latch-Up Test Structures
P-KS/D) / N(WelI) / P(Substrate) / N+(S/D)
Device #1: P+/N/P/N+, 5um N-Well to N+ S/D spacing
Device #2: P+/N/P/N+, lOum N-Well to N+ S/D spacing
Device #3: P+/N/P/N+, 20um N-Well to N+ S/D spacing
Device #4: P+/N/P/N+, 30um N-Well to N+ S/D spacing
IA NMOS FET Subregion Defect Test Structures
Device #1: Gate Oxide - Planar
Device #2: Gate Oxide - Field Edge, lOum
Device #3: Gate Oxide - S/D Edge, lOum
Device #4: Parallel Transistors
Device #5: Gate Oxide - Field Edge, 5um
Device #6: Junction, minimum contact
Device #7: Junction, Field Edge
Device #8: Junction, maximum contacts
JA N-Well and N+ S/D Resistors
Device #1: N-Well 24 sq. Resistor
Device #2: N-Well 104 sq. Resistor
Device #3: N-Well 24 sq. Gate Region Resistor
Device #4: N-Well 104 sq. Gate Region Resistor
Device #5: N+ S/D 24 sq. Resistor
JB Poly and N+ S/D Resistors
Device #1: Poly(+) 24 sq. Resistor
Device #2: Poly(+) 104 sq. Resistor
Device #3: Poly(-) 24 sq. Gate Region Resistor
Device #4: Poly(-) 104 sq. Gate Region Resistor
Device #5: N+ S/D 104 sq. Resistor
JC P+ S/D Resistors, and Various Diodes
Device #1: P+ S/D 24 sq. Resistor
Device #2: P+ S/D 104 sq. Resistor
Device #3: N-Well to Substrate Diode
Device #4: N+ S/D to Substrate Diode
Device #5: N-Well to P+ S/D Diode
KA NMOS Transistors
Device #1: NMOS Transistor, L=10um W=10um
Device #2: NMOS Transistor, L=20um W=10um
Device #3: NMOS Transistor, L=30um W=10um
Device #4: NMOS Transistor, L=40um W=10um
KB NMOS Transistors
Device #1: NMOS Transistor, L=3um W=10um
Device #2: NMOS Transistor, L=5um W=10um
Device #3: NMOS Transistor, L=7um W=10um
Device #4: NMOS Transistor, L=9um W=10um
KC PMOS Transistors
Device #1: PMOS Transistor, L=10um W=10um
Device #2: PMOS Transistor, L=20um W=10um
Device #3: PMOS Transistor, L=30um W=10um
C3
KD PMOS Transistors
Device #1: PMOS Transistor, L=3um W=10um
Device #2: PMOS Transistor, L=5um W=10um
Device #3: PMOS Transistor, L=7um W=10um
KE NMOS Transistors
Device #1: NMOS Transistor, L=20um W=20um
Device #2: NMOS Transistor, L=20um W=30um
Device #3: NMOS Transistor, L=20um W=40um
Device #4: NMOS Transistor, L=20um W=50um
KF NMOS Transistors
Device #1: NMOS Transistor, L=20um W=3um
Device #2: NMOS Transistor, L=20um W=5um
Device #3: NMOS Transistor, L=20um W=7um
Device #4: NMOS Transistor, L=20um W=9um
KG PMOS Transistors
Device #1: PMOS Transistor, L=20um W=20um
Device #2: PMOS Transistor, L=20um W=30um
Device #3: PMOS Transistor, L=20um W=40um
KH PMOS Transistors
Device #1: PMOS Transistor, L=20um W=3um
Device #2: PMOS Transistor, L=20um W=5um
Device #3: PMOS Transistor, L=20um W=7um
LA Van der Pauws for N-Well, Poly (+), and P+ S/D
Device #1: N-Well Van der Pauw, 60um square
Device #2: Poly(+) Van der Pauw, 60um square
Device #3: P+ S/D Van der Pauw, 60um square
LB Van der Pauws for Poly(-), N+ S/D
Device #1: Poly(-) Van der Pauw, 60um square
Device #2: N+ S/D Van der Pauw, 60um square
MA Invertor, Ratio=2, PMOS(L/W)=20/60, NMOS(L/W)=20/30
MB Invertor, Ratio=1.7, PMOS(L/W)=20/120, NMOS(L/W)=20/70
NA 2 Input NOR Gate
Inverter Ratio=8.0, PMOS (L/W)= 10/80, NMOS(L/W)= 10/10
Invertor 5 Invertor, Ratio=1.0, PMOS(L/W)=5/15, NMOS(L/W)=5/15
Invertor 10 Invertor, Ratio=1.0, PMOS(L/W)= 10/30, NMOS(L/W)= 10/30




missing PMOS source contact
Op. Amp. Operational Amplifier and Op. Amp. Sub-Circuits
Device #1: Operational Amplifier





Device #1: Operational Amplifier Current bias circuitry
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Control Wafer Process Flow
Dl
NWELL CMOS CONTROL WAFER FLOW By: David T. Price
REVISION DATE: JUNE 10, 1991
OPERATION CI C2 C3 C7 C8 C9 CIO C4 C5 Cll C12 C6
Scribe/ Four Point Probe X X X X X X X X X X X X
RCA Clean X X X X X X X X X X X X
Grow & Meas Alignment Ox X X X X X X X X X X X X
Step Etch X
Strip Oxide X X X X X X
Four Point Probe X X X X X X
Well Implant X X X X X X
RCA Clean X X X X X X X X X X X X
Grow Oxide/ Drive Well X X X X X X X X X
***
X X X
Step Etch X X
Strip Oxide X X X X X X X X X X X X
Four Point Probe X X X X X X X X X X X X
Groove & Stain X
RCA Clean X X X X X X X X X X
Grow & Meas Pad Ox X X X X X X X X X X
Deposit & Meas Nitride X X X X X X X X X X
Etch Nitride X X X X
Field Vt Implant X X X X X
NMOS Subst Implant X X X X X
RCA Clean X X X X X X X X X X
Grow & Meas Field Ox X X XX X X XX X X XX XX
Step Etch OxyNitride, Nit
Etch Ox, Nitride, Ox
Measure Oxide X X X X
Four Pt Probe X X X X X X
Grow & Meas Sac Ox X X X X X X X X X X
Device Vt Implant X X X X X X X X X X
Strip Sac Oxide X X X x 1 X X x X X X
Measure oxide X X X X
Four Pt Probe X X X X X X
Grow & Meas Gate Ox X X X X X X X X X X
Deposit & Meas Poly X X X X X X X X X X
Dope Poly X X X X X X X X X X
Etch Oxide X X X X X X X X X X
Four Pt Probe X X X X X X X X X X
Etch Poly X X X X X X
Etch Ox X X X X X X
Four Pt Probe X X X X X X
PMOS S/D Implant X X X
NMOS S/D Implant X X X
Deposit & Anneal SOG X X X X X X X X X X
Step Etch SOG X X
Strip SOG X X X X X X X X X X
Measure Ox X X
Four Pt Probe X X X X X X X X














C9 Al over NWell Field
CIO N+ Plug in NWell






****** GRAPHICS PLOT ******
W12 8. 13 N+ PLUG KELVIN CONTAC
(mA) CURSOR ( 242E-03 . 400. OuA . )






















(V ) - VD-VA









****** GRAPHICS PLOT ******
W12 8. 13 N+ PLUG 28-lOu CHAIN
IA
(mA) CURSOR ( 6.7000V









c . 8 1 2 icSi





























****** GRAPHICS PLOT ******

















VDA 40.00/div (V ) E-03
L GRAD | 1/GRAD ! Xintercept! Yintercept]
LINE 3.01E-03! 332E+00 72^1E-03 ! -217E-06
iki_NE2l i 7177 7
--]-;- ---
VDA (V ) - VD-VA










****** GRAPHICS PLOT ******
W12 8. 13 N+ 28-lOu CHAIN
(mA) CURSOR ( 6.4500V












































****** GRAPHICS PLOT ******
W12 8. 13 POLY+ KELVIN CONTACT















6 . 000/div (V )
60.00
E-03
GRAD 1/GRAD Xintercept Yintercept
LINEl
LINE2







****** GRAPHICS PLOT ******
W12 8. 13 P0LY+ 28-lOu CHAIN
IA
(mA) CURSOR ( 10.000V . 9.719mA



















****** GRAPHICS PLOT ******






















LJ 1 .J .J __|. 1.j
50.00
.
5.000/div (V ) E-03
1/GRAD {Xintercept! Yintercept'
























****** GRAPHICS PLOT ******
W12 8. 13 POLY- 28-lOu CHAIN
(mA) CURSOR ( 10.000V . 7.390mA






VA 1.000/div ( V)
GRAD 1/GRAD Xintercept Yintercept
LINEl
LINE2









vb -cha . oooov
SND -Ch3 . OOOOV
VDD -Ch4 10 . OOOV
I 3
5"
KJl / 2 8 c t^4..is
;








****** GRAPHICS PLOT ******
W12 8. 13 P+ KELVIN CONTACT



















(V ) - VD-VA












****** GRAPHICS PLOT ******
W12 8. 13 P+ 28-lOu CHAIN
(mA) CURSOR ( 10.000V . 1.112mA






VA 1 . OOO/div ( V)











vb -cha . oooov
SND -Ch3 ,0000V
VDD -Ch4 10.000V





****** GRAPHICS PLOT ******



















VAB (V ) - VA-VB
PS (O ) - 4.3324* (VA-VB) /IC
PS
****** GRAPHICS PLOT ******



















VAB (V ) - VA-VB
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****** GRAPHICS PLOT ******



























****** GRAPHICS PLOT ******




















****** GRAPHICS PLOT ******






MARKER (-10. OOOV . -142. 6nA .
-99.00
J ! 1 L J L _L











****** GRAPHICS PLOT ******
W12 8. 13 NWELL/SUB DIODE
( A) CURSOR ( .1170V , 521. InA . )


























****** GRAPHICS PLOT ******























****** GRAPHICS PLOT ******





3000V , 1.173UA .



























****** GRAPHICS PLOT ******
W12 8. 13 N+/SU8 DIODE
(mA)
4 . 500_

















****** GRAPHICS PLOT ******
W12 8. 13 N+/SUB DIODE
( A) CURSOR ( .IOOOV
, 16.44UA . )










GRAD z 5 1/GRAD Xintercept Yintercept






































PE . 1 PD I
PL 5
DATE 10-17-1SB2
TIME 21. 15. 5S
WlO. f<<j,cl1 CE11F/! PcU/AliJcll Th.'tA Ct,
- /5>f
















PE 1 PD 1
PL 5
DATE 10-17-1982
TIME 21. 27. 38
l/i-W taga.
!0l2. rTSCfJ

















C0 7, 4% x/o'^/c*
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DATE 10--17-1982






PE . 1 PD 1
PL S
DATE 1D-17-19B2
TIME 22. 43. 31
Vol tage.
1D200
VJIX [%,C\1 cELi FA Poly /iJb T^.tA. Ok
PS-4D PP 40
PE . 5 PD 1
PL 5
DATE ID--17-1982
TIME 21, 40. 37
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PE . 2 PD 1
PL 5
DATE 10-17-1982
TIME 22. 02, 48
r'Hf -TJ V




CELLKA NMOS L=20, W=10 Vds=.1 Vg=(3 to 5
PMOS L=20, W=10 Vds=-.1 Vg=l3 to -5
NMOS PMOS
R,C I @ .2V [nA] Vt GM*10A-6 I @ .2V [pA] Vt GM*10A-6
4,6 12190 0.75 1.9 -36 -1.75 0.243
4,10 14460 0.7 1.99 -55 -1.85 0.557
4,13 13200 1.75 -137 0.541
8,13 14980 0.6 1.75 -59 -1.95 0.545
8,9 19500 0.9 1.96 -83 -1.7 0.536
8,5 15600 0.85 1.85 -38 -1.7 0.541
12,5 4839 0.75 1.63 -48 -1.85 0.528
12,9 14800 0.85 1.8 -20 -1.75 0.549
12,13 17830 0.7 1.35 -149 -1.9 0.523
3 14155.44 0.7625 1 .775556 -69.4444 -1.80625 0.507
3,5
3,8 223 0.95 1.85 -109 -1.35 0.726
3,11 143 1.05 1.96 -113 -1.2 0.73
5,14 1638 0.75 1.77 -121 -1.3 0.643
5,11 197 1 1.7
5,8 2610 0.85 1.7 -52 -1.55 0.632
5,5
5,2
7,2 1424 0.65 1.66 -108 -1.3 0.705
7,5 2895 0.85 1.6 -54 -1.4 0.632
7,8 4942 1.2 1.77 -48 -1.1 0.675
7,11 967 1.1 1.73 -51.8 -1.1 0.647
7,14 1739 0.8 -54 -1.2 0.638
9,14 3143 0.8 -1.25 0.7
9,11 1487 1.05 1.58 -109 -1.1 0.612
9,8 1936 1.3 1.71 -101 -1.1
0.607
9,5 6450 1.1 1.68 -104 -1.15
0.701
9,3 5280 1.15 1.81 -36 -1.15
0.665
11,3 1462 1.05 1.72 -54
-1.2 0.68
11,5 327 1.2 1.7 -107
-1.1 0.622
11,8 546 1.15 1.61 -105
-1.1 0.605
11,11 2760 1.05 1.52 -109
-1.1 0.62
Avg 2114.158 1 .002632
1.71 -84.4588 -1 .20833 0.657778
3.6 1179 1.83
-104 0.615




6,11 629 0.95 1.71
6,9 316 1.05 1.8
-36 -1.5 0.58
6,6 752 1.05 1.82
-51 -1.5 0.617
6,3 1562 1.05 2.04
-106 -1.5 0.639
9,3 4282 1.1 1.85
-41 -1.45 0.602




9,9 80 1.1 1.74 -121 -1.5 0.548
9,12 48 1.05 1.74 -110 -1.45 0.612
9,15 2487 0.95 1.69 -123 -1.55 0.561
12,12 872 1.05 1.74 -470 -1.5 0.559
12,9 1828 1.05 1.77 -110 -1.45 0.564
Avg 1405.5 1 .033333 1.791429 -116.923 -1.49545 0.592615
5,8 405 1.1 1.49 -26 -0.85 0.671
5,10 454 1.05 1.48 -88 -0.9 0.67
5,12 351 1.5 -18 0.672
7,12 689 1.15 1.2
7,10 593 1.2 1.3 -14 -0.8 0.659
7,8 1929 1.35 1.55
7,6 655 1.25 1.55 -57 -0.8 0.682
7,4 2224 1.4 1.41
9,4 197 1.4 1.42 -24 -0.75 0.705
9,6 3998 1.45 1.54
9,8 4869 1.5 1.64 -26 -0.8 0.651
9,10 482 1.4 1.59
9,12 88 1.2 1.2 -35 -0.8 0.697
9,14 4312
11,14
11,12 1238 1.35 1.56
11,10 980 1.35 1.59 -35 -0.75 0.67
11,8 1256 1.5 1.66
11,6 666 1.45 1.67 -128 -0.75 0.69
11,4 482 1.4 1.7
13,4 278 1.45 1.79
13,6 883 1.5 1.73 -112 -0.8 0.692
13,8
13,10 2574 1.4 1.54
13,12 2794 1.35 1.56
Avg 1408.565 1 .342857 1 .530455 -51.1818 -0.8 0.678091
4,5 19920 0.75 1.85 -45 -1.85 0.547
4,9 28000 0.85 1.9 -42 -1.7 0.554
4,13 26000 0.8 1.7 -109 -1.7 0.553
8,13 19000 0.8 1.5 -54 -1.7 0.487
8,9 10500 0.9 1.7 -160 -1.65 0.516
8,5 20900 0.85 1.75 -108 -1.7 0.518
12,5 13100 0.85 1.7 -49 -1.7 0.521
12,9 14000 0.9 1.7 -54 -1.65 0.529
Avg 18927.5 0.8375 1.725 -77.625 -1.70625 0.528125
4,5
4,9
4,13 117 1.05 1.7 -103 -1.3 0.646
8,13 97 1.15 1.6 -135 -1.1 0.632
8,9 310 1.25 1.6 -130 -1.1 0.585
8,5 5229 0.6 1.44 -109 -1.75 0.581
10,5 11000 1.25 1.6 -33 -1.1 0.601
13
10,9 2838 1.3 1.6 -32 -1.05 0.588
10,13 443 1.15 1.56 -136 -1.1 0.619
Avg 2862 1.107143 1.585714 -96.8571 -1.21429 0.607429
4,5 1013 1.25 1.3
4,9 1815 1.25 1.46 -108@2 -0.2 0.737
4,13 4011 1.42
8,13 2906 1.45 1.53 -79@2 -0.05 0.72
8,9 3065 1.6 1.54 -89@2 -0.1 0.672
8,5 5235 1.2 1.32 -48@1 -0.3 0.68
11,5 177 1.6 1.55 -46@1 -0.1 0.709
11,9 209 1.5 1.43 -37 -0.05 0.677
11,13 2963 1.35 1.38 -50 0.15 0.178
Avg 2377.111 1.4 1.436667 -7.14286 -0.09286 0.624714
Vt Implant Average Average
Wafer # Dose(E12) NMOS Vt -PMOS Vt
1 1 0.7625 1.806
11 1 0.8375 1.706
5 1.5 1.03 1.495
4 2 1 1.208
12 2 1.107 1.214
6 2.5 1.342 0.8
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VDS -ChS - .1000V
GM (S ) - AID/AVB
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1/GRAD j Xintercept' Yintercept;[LINEl!"
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VIN 1. 000/div ( V)
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VDD -Chl B. OOOOV
V8S -Ch4 -a. OOOOV
BAIN ( ) - -AVOUT/AVIN
xxxxxx GRAPHICS PLOT xxxxxx
W12 8. 13 MB P20/120 N20/70
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VIN 1. 000/div ( V)
GRAD 1/GRAD Xintercept Yintercept
LINEl
LINE2
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